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INTRODUCTION 


Hodcl  and  small-scale  field  tests  of  high  efficiency  anchors  in 
tandem  (piggybnsk)  and  in  parallel  have  been  performed  co  evaluate  the 
feasibility  of  using  anchors  in  combination  co  satisfy  expanded  Navy 
fleet  mooring  requirements.  The  Navy  has  addeo  two  new  classes  of 
moorings  co  extend  fleet  mooring  capability  from  the  old  maximum  jf 
300,000  pounds  (Class  AA)  to  400,000  pounds  (Class  BBB)  and  300,000  pounds 
(Class  AAA).  In  addition,  there  is  interest  within  the  Navy  to  provide 
moorings  in  typhoon  prevalent  areas  and  for  vessels  in  offshore  areas 
subjected  co  large  waves  and  high  currents.  These  situations  could 
create  loads  substantially  in  excess  of  500,000  pounds.  Tills  test  prog¬ 
ram  was  sponsored  by  the  Naval  Facilities  Engineering  Command  (HAVFAC). 

This  report  presents  the  results  of  model  tests  in  sand  and  in  a 
synthetic  clay-like  macerlal  with  l/20ch-scale  models  of  a  6,000-pound 
STATO  anchor  and  results  of  tests  in  beach  sand  with  200-pound  STATQ  and 
350-p~und  DANFORTH  anchors.  Feasible  rigging  methods  for  using  combina¬ 
tions  of  high  efficiency  anchors  which  are  compatible  with  Navy  installa¬ 
tion  and  handling  capability  are  defined. 


BACKGROUND 

The  Naval  Civil  Engineering  Laboratory  (NCEL)  has  completed  a  com¬ 
prehensive  ocean  test  program  co  define  the  performance  of  drag  embed¬ 
ment  anchors  at  several  sites  (Ref  1-5).  These  tests  resulted  in  the 
development  of  improved  methods  for  predicting  the  performance  of  drag 
anchors  in  sand  and  mud  seafloors  (Ref  6-iO)  and  in  methods  for  Improving 
the  performance  of  Navy  fleet  mooring  anchors  (Ref  7)  and  ocher  commer¬ 
cially  available  drag  embedment  anchors  (Ref  6). 

Some  tests  of  tandem  and  parallel  anchor  arrangements  with  the 
STOCKLESS  anchor  were  also  performed  during  the  NCEL  test  program.  Anchor 
arrangements  were  found  that  were  installable  from  Navy  anchor  handling 
barges  and  chat  developed  the  full  capacity  of  each  anchor  (Ref  11). 

With  30,000-pound  STOCKLESS  anchors,  the  practical  handling  limit  from 
most  Navy  barges,  the  Navy's  fleet  mooring  requirement,  co  Class  AA 
(300  kip)  in  soft  clay  (mud),  to  Class  AAA  (500  kip)  in  sand,  and  co 
Class  BB  (250  kip)  in  hard  soil  can  be  satisfied.  This  substantially 
increased  the  value  of  the  large  Navy  inventory  of  STOCKLESS  anchors  and 
reduced  the  need  for  anchor  procurements.  Satisfaction  of  the  remaining 
anchoring  requirements  must  be  accomplished  with  high  efficiency  anchors 
singly  and  in  combination. 


An  analysis  of  high  efficiency  anchoring  options  for  cite  remaining 
requirement  to  500  kips  and  for  possible  requirements  to  1.300  kips  was 
performed  (Ref  12).  The  analysis  concluded  chat  fleet  scoring  require¬ 
ments  through  Class  AAA  may  be  feasible  with  structurally  and 
operationally  Improved  versions  of  the  Navy  STATO  anchor  in  multiples, 
in  sices  to  15  kips,  and  chat  very  high  capacity  moorings  (so  1,300  kips) 
nay  be  feasible  with  high  efficiency  anchors  in  multiples,  in  sixes  to 
30  kips. 

The  multiple  (tandem  and  parallel)  anchor  rigging  arrangcaencs  chat 
were  found  suitable  for  low  efficiency  Havy  STOCKtESS  anchors  were  not 
necessarily  suitable  for  high  efficiency  (high  rapacity  to  anchor  weight 
ratio)  anchors,  because  high  efficiency  anchors  can  be  very  sensitive  to 
seafloor  conditions  and  rigging  arrangeaenc.  For  this  reason,  a  test 
program  to  evaluate  combinations  of  high  efficiency  anchors  was  initiated 
at  NCEt,.  This  prograa  considers  anchor  performance  in  sand  a>.d  soft 
clay.  Model  tests  with  a  l/20th-scale  model  of  a  STATO  anchor  were  pre¬ 
viously  conducted  in  sand  and  results  were  presented  in  an  Interim  report 
(Ref  12).  These  tests  are  summarised  in  this  report  and  compared  to  the 
results  of  the  small-scale  beach  tests. 


ANCHOR  TEST  PROGRAM 
Approach 


Since  the  number  of  potential  anchor  rigging  arrangements  was  large, 
model  testing  was  selected  as  the  best  means  tc  rapidly  evaluate  the 
options.  Small-scale  field  testing  using  anchors  in  2C0  to  350  pound 
size  range  would  then  be  conducted  as  needed  to  further  evaluate  selected 
options,  define  probable  performance,  and  assess  the  feasibility  of  these 
options  in  full  scale. 

laboratory  model  testing  has  been  and  continues  to  be  an  effective 
tool  to  conduct  extensive  parametric  evaluations  of  soil-anchor  interac¬ 
tion.  Results  have  proven  effective  in  guiding  the  design  of  anchors 
because  design  changes  and  soil  property  changes  can  bu  made  quickly  and 
the  relative  effects  on  anchor  capacity  can  be  rapidly  assessed.  The 
British  Admiralty  has  used  model  testing  during  preliminary  design  of 
all  xtc  bower  and  mooring  anchors  (Ref  13-15).  Many  other  researchers 
(Ref  16-20)  have  used  model  testing  to  gain  a  better  understanding  of 
anchor  behavior,  to  develop  prediction  procedures  and  to  enable  design 
improvements  to  existing  anchors. 

Model  tests  were  conducted  in  both  sand  and  mud.  Small-scale  anchor 
tests  were  conducted  only  in  sand.  These  test  data  were  sufficient  to 
determine  feasible  options  for  using  high  efficiency  anchors  in  combina¬ 
tions  for  fleet  mooring  applications.  Prototype  testing  must  be  cone, 
however,  before  the  optimum  rigging  arrangements  arc  determined  and  chc 
preliminary  options  are  used  for  fleet  moorings. 

Tandem  and  Parallel  Anchor  Rigging  Options 

The  use  of  anchors  in  tandem  is  common  in  the  offshore  industry. 

The  standard  tandem  hookup  used  in  the  offshore  industry  will  be  referred 
to  in  this  report  as  the  crown  to  shackle  rigging  arrangement;  it  is 
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shewn  by  Figure  1.  For  Anchors  like  che  STATO  where  the  anchor  shank 
does  not  protrude  through  che  crown  end  of  che  anchor,  the  rear  or  piggy¬ 
back  anchor  connects  to  the  anchor  crown.  In  this  case,  ic  is  necessary 
co  biock  or  weld  open  the  front  anchor  flukes;  otherwise,  they  will  close 
as  che  rear  anchor  assume..*  load. 

Variations  co  che  cstiwn  shackle  hookup  were  also  evaluated.  The 
first  is  referred  co  as  the  palm  co  shackle  rigging  arrangement 
(Figure  2).  TVo  connection  points  on  che  upper  pain  and  two  on  the  lower 
pain  were  evaluated.  A  **hank  co  shackle  rigging  arrangement,  Figure  3, 
was  also  evaluated.  This  aechod  was  first  suggested  by  Klsren  (Ref  19) 
and  later  tested  in  prototype  scale  with  the  STOCKLESS  anchor  (Ref  2). 

The  performance  of  cue  tandem  anchor  arrangements  was  evaluated  for 
a  range  of  anchor  separations,  from  0  co  8  fluke  lcngchs  separation. 

Anchor  separation  discanr.es  were  normalised  by  anchor  fluke  length  for 
easy  comparison  co  larger  scale  tests. 

Twin-chain-leg  Navy  fleet  moorings  (AA  for  example)  employ  anchors 
in  parallel,  referred  co  in  this  report  as  che  ground  ring  co  shackle 
arrangement.  Figure  A.  A  variation  of  this  arrangement  which  staggered 
the  anchors  by  using  different  chain  lengths  from  ground  ring  co  anchor 
was  also  evaluated. 

Test  Anchors 

Model  Tests.  One-twentieth  scale  models  of  a  6,000-pound  STATO 
anchor  (Figure  A)  were  fabricated  for  Che  sand  and  mud  model  anchor 
tests.  The  holed  place  atop  che  anchor  shank  was  added  for  the  shank  co 
shackle  arrangement.  The  anchor  fluke  angle  was  adjustable.  Ic  was  set 
at  32  degrees  ror  the  sand  tests  and  SO  degrees  for  che  clay  tests  co 
correspond  co  recommended  angles  for  che  prototype  anchor. 

Field  Tests.  Two  anchor  types  were  used  during  che  small-scale 
anchor  tests  on  che  beach  at  Port  iluenemc.  Two  200-pound  STATO  anchors 
and  three  350-pound  DANFORTH  anchors  (Figure  5)  were  selected  because  of 
availability  and  because  these  size  anchors  could  be  pull-tested  with 
n**a liable  equipment.  The  fluke  angle  for  both  test  anchors  was  approxi¬ 
mately  32  degrees. 

Test  Apparatus  and  Procedures 

Model  Tests  -  Sand.  The  sand  test  tank  measured  9.5  feet  by  2.5  feet 
by  1.3  feet  deep.  Anchors  were  pulled  using  a  wire  wound  around  a  capstan 
which  was  driven  by  a  variable  speed  motor.  The  test  arrangement  was 
very  simple  but  effective.  The  sand  used  was  a  dry,  poorly  graded, 
medium  density  sand  chat  was  vibrated  to  a  relative  density  of  65Z. 
Densification  was  accomplished  using  a  single  vibrator  clamped  co  che 
side  of  the  test  tank.  After  each  anchor  test,  the  sand  was  thoroughly 
disturbed  and  then  redensified. 

Miniature  load  cells  (Figure  2)  were  sized  co  minimize  their  effect 
on  anchor  behavior.  Load  cells  were  placed  at  che  shank  of  each  anchor 
so  chat  for  the  arrangements  shown,  the  forward  load  cell  recorded  total 
anchoring  load  (two  anchors  plus  connecting  chain)  and  the  rear  anchor 
recorded  single  anchor  load.  Drag  distance  was  measured  using  a  deflec¬ 
tion  pot  with  a  thin  cable  connected  to  the  forward  load  cell. 


Tha  standard  case  procedure  was  as  follows:  The  anchors  were 
dragged  frest  ?  surface  ac  one  end  of  the  tank  until  the  maximum  holding 
capacity  for  the  particular  configuration  had  been  obtained.  Then,  the 
shank  pitch  and  roil,  the  chain  angle  relative  to  the  shank  (chai«-*hank 
angle),  and  the  shackle  depth  were  recorded.  Anchor  lead  and  travel 
were  continuously  recorded  by  scrip  recorder.  These  data  were  later 
digitized  using  a  ml;rocewpucer  digitizer  and  processed  for  later  pre¬ 
sentation. 

Model  Tests  -  Hud.  The  cud  test  tank  measured  16  feet  by  2.5  feet 
by  2.5  feet  deep  (Figure  6).  The  load  and  deflection  measurement  systems 
were  the  saae  as  chose  used  in  the  sand  test.  Problems  occurred  with 
the  alniacure  load  cells  and  only  two  were  available  during  testing. 

During  the  tandem  tests,  one  load  cell  was  placed  ac  the  forward  anchor's 
shackle  and  the  ocher  was  placed  ac  the  forward  end  of  the  rear  anchor 
line.  The  capacity  of  the  chain  and/or  wire,  forward  of  the  first  anchor, 
was  not  measured  directly.  It  could,  however,  be  inferred  fees  the  single 
anchor  test  results.  Hqulpmenc  problems  caused  postponement  of  parallel 
anchor  tests  in  mud. 

The  cud  test  bed  Is  a  thixotropic  caterial  known  as  Laponicc.  It 
was  developed  for  use  in  paint  products  and  has  rhe  sane  layered  chemical 
structure  as  a  Heccorice  clay,  baponicc  was  selected  for  this  test  prog- 
ras  because  detailed  analyses  (kef  21)  of  Laponice  have  shown  chat  its 
behavior  can  be  precisely  controlled,  it  behaves  like  a  clay,  and  once 
it  is  disturbed,  it  regains  strength  rapidly.  Tills  last  feature  allows 
tests  to  be  conducted  ac  a  rapid  race. 

In  determining  the  properties  required  for  the  test  soil,  the  fol¬ 
lowing  parameter  is  generally  accepted  as  sufficient  to  ensure  dynamic 
similarity: 

^c/TB)prococype  “  ^YB^oodcl 

where  c  ■  shear  strength 
Y  ■  soil  unit  weight 
B  -  characteristic  length 

Based  upon  the  performance  of  the  6,G0C-pound  STATO  prototype,  the  desired 
shear  strength  range  was  0  to  0.2  psl  tor  the  model  test  bed.  As  shown 
below,  this  was  achieved,  and  mixing  and  quality  control  procedures  were 
derived  which  allowed  duplication  of  soli  properties  between  tests.  The 
majority  of  tests  were  run  in  soil  with  an  average  shear  strength  of 
0.1  psi.  Figure  7  presents  a  typical  strength  profile.  The  upper  value 
ac  each  depth  represents  centerline  strength  in  the  tank. 

The  Laponicc  was  prepared  using  deionized  water  and  mixed  at  a  con¬ 
centration  of  3?.  by  volume.  This  resulted  in  a  gel-like  material  with  a 
water  content  of  about  1100Z.  Soli  sensitivity,  which  is  the  ratio  of 
disturbed  to  undisturbed  strength,  was  approximately  2.  Soil  strength 
was  completely  regained  in  less  chan  10  minutes  after  disturbance. 

Before  each  test,  a  miniature  vane  device  was  used  to  determine  the 
shear  strength  ac  depths  from  3  inches  to  18  inches  in  3-inch  increments 
at  various  distances  across  and  along  the  tank.  Anchor  depth  and  orien¬ 
tation  were  recorded  at  1  to  2-foot  intervals  along  the  tank,  while  ten¬ 
sion  and  displacement  were  recorded  continuously. 


Small-Scale  Field  Tests  -  Sand.  Tests  were  performed  on  the  beach 
ac  Pore  Huenese,  which  consisted  of  a  poorly  graded,  fine  sand  of  medium 
densley.  Sand  compacted  by  wave  action  was  avoided.  Recalled  soil  prop¬ 
erty  determinations  were  not  made.  For  these  tests,  all  that  was  impor¬ 
tant  was  that  the  variability  of  soil  properties  over  the  test  area  be 
minor.  This  was  generally  confirmed  by  the  consistent  performance  of 
single  anchors  to  establish  standards  for  comparison  of  tandem  and  paral¬ 
lel  anchor  performance. 

Small  load  cells  (shown  in  Figure  2)  were  built  to  fit  within  the 
envelope  of  l-l /4-inch  chain  to  prevent  interference  with  the  normal 
anchor  embedment  process.  For  the  tandem  anchor  tests,  load  cells  were 
placed  ac  the  forward  anchor  shackle,  ac  the  forward  end  of  the  rear 
anchor  line,  and  between  the  winch  wire  and  the  chain  to  the  tandem 
anchor  assembly.  Hie  contribution  of  the  chain  forward  of  the  assembly 
could  thus  be  determined.  In  the  parallel  anchor  tests,  the  load  cells 
were  placed  ac  the  ground  ring  to  record  che  total  chain  and  anchor  loads 
for  each  anchor  leg. 

Anchors  were  pulled  along  che  beach  ac  about  2  fc/min  for  drag 
distances  up  to  58  feet.  Because  of  che  structural  limitations  of  che 
anchor  shackle  and/or  winch  wire,  che  maximum  allowable  pulling  load  was 
limited  to  18,000  pounds.  This  limitation  had  to  be  applied  to  tests 
with  che  350-pound  DANFORTH  anchor  in  some  rigging  arrangements.  Anchor 
displacement  was  visually  recorded  by  observing  che  travel  of  a  marked 
line  attached  to  che  rear  anchor  relative  to  a  fixed  point.  Values  were 
marked  directly  on  the  oscillograph  record.  At  che  completion  of  each 
test,  the  anchors  were  uncovered  and  anchor  shank  pitch,  anchor  roll, 
anchor  embedment  depth,  snd  chain  angle  at  che  shank  connection  were 
recorded. 


RESULTS  AND  DISCUSSION 
Model  Teats  -  Sand 


For  comparison  purposes,  the  holding  capacity  of  a  single  l/20ch 
scale  model  STATO  anchor  with  a  wire  mooring  line  was  established  as  che 
standard  holding  capacity;  the  value  was  15.9  pounds.  The  holding  capac¬ 
ity  of  che  various  tandem  and  parallel  anchor  arrangements  tested  was 
then  compared  to  che  standard  and  referred  to  as  the  relative  anchor 
capacity.  This  provides  a  measure  of  the  effectiveness  of  the  various 
anchoring  arrangements. 

Crown-Shackle  Arrangement.  An  example  of  the  test  results  for  a 
crown-shackle  rigging  arrangement  for  anchors  spaced  ac  a  distance  equal 
to  6.34  fluke  lengths  is  presented  in  Figure  8.  A  minimum  of  two  tests 
were  run  for  each  setup.  In  this  plot,  rear  and  forward  anchor  loads 
are  individually  shown.  Results  are  plotted  as  normalized  single  anchor 
capacity  versus  normalized  drag  distance.  Anchor  capacity  is  referenced 
to  the  standard  capacity  of  15.9  pounds. 

Figure  8  shows  that  the  forward  anchor  behaved  as  a  single  anchor, 
developing  peak  capacity  in  a  drag  distance  of  about  8  fluke  lengths. 

The  rear  anchor  also  behaved  as  a  single  anchor  until  it  was  dragged 
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into  the  soil  disturbed  by  the  forward  Anchor.  At  chat  point,  rear 
anchor  capacity  increased  substantially  to  where  it  was  holding  about 
1.7  tines  the  standard  capacity  (in  this  particular  test).  This  in¬ 
crease  began  At  about  8  fluke  lengths  of  drag  which  is  approximately 
equal  to  the  distance  between  the  anchor  fluke  tips  for  a  chain  length 
equal  to  6 . 341,  (L  »  fluke  length).  In  the  disturbed  soil,  the  rear 
anchor  penetrates  deeper  than  normal  because  bearing  resistances  that 
hinder  embedment  on  anchor  and  chain  arc  reduced.  As  embedment  in¬ 
creases  in  sand,  the  anchor  capacity  increases. 

The  effectiveness  of  the  rear  anchor  in  the  crown-shaeklt  setup  is 
further  illustrated  in  Figure  9.  Hear  anchor  load  as  a  percentage  of 
the  total  tandem  anchoring  load  is  plotted  versus  normalised  drag  dis¬ 
tance  for  representative  tests.  All  42  tests  plotted  within  the  data 
bound  shown.  After  about  10  fluke  lengths  of  drag,  the  rear  anchor  has 
penetrated  the  soil  disturbed  by  the  forward  anchor  and  its  capacity 
reaches  a  reasonably  constant  percentage  of  the  total  load;  the  average 
was  about  60£  for  all  spacings  tested. 

Summary  results  for  the  crown-shackle  rigging  arrangement  are  shown 
In  Figure  10.  These  results  are  for  the  case  where  the  rear  anchor 
penetrates  the  soil  disturbed  by  the  forward  anchor.  The  rear  anchor 
load  cell  could  not  be  used  for  spacings  less  chan  about  1  fluke  length; 
only  the  forward. load  cell  which  recorded  total  load  was  used.  While 
the  results  show  that  the  optimum  anchor  spacing  is  quite  small,  about 
1/2  fluke  length,  general  use  of  such  small  spacings  for  fleet  moorings 
is  not  very  practical  because  this  would  require  both  anchors  to  be 
handled  simultaneously.  There  are  conceivable  situations,  however,  where 
the  added  handling  complexity  could  be  outweighed  by  the  added  effective¬ 
ness  of  the  close-spaced  tandem  arrangement. 

The  total  relative  anchor  capacity  approaches  a  conservative  minimum 
of  2.5  for  an  anchor  separation  of  about  9  fluke  lengths  or  more.  At 
this  point,  the  forward  anchor  is  performing  as  an  individual  anchor  and 
the  rear  anchor  is  about  502  core  efficient  than  an  individual  anchor. 
Practically,  after  an  anchor  separation  of  2  fluke  lengths,  this  minimum 
is  nearly  achieved. 

Poln-Shaekle  Arrangement.  Four  chain  connection  locations  on  the 
STATO  anchor  pain  were  used  during  testing,  two  each  on  the  upper  and 
lower  palm.  The  location  had  little  effect  on  the  results  as  shown  in 
Figure  10,  where  the  summary  data  were  plotted  and  are  compared  to  the 
crown-shackle  data.  At  small  anchor  spacings,  total  anchor  capacity  was 
less,  while  at  the  4-f lukc-lcngth  spacing,  the  behavior  was  similar. 

This  method  caused  anchors  to  be  somewhat  more  unstable  during  drag  than 
the  crown-shackle  method.  Since  there  are  no  substantial  performance  or 
operational  advantages  with  the  palm-shackle  method,  it  was  not  pursued 
further. 

Shank-Shackle  Arrangement.  Test  data  are  plotted  in  Figure  11  and 
compared  to  the  crown-shackle  method.  The  distribution  of  load  between 
anchors  was  not  consistent,  particularly  as  the  anchors'  separation  was 
decreased.  This  was  caused  by  the  elevated  chain-shank  angle  created  as 
the  chain  rode  over  the  forward  anchor  palm.  Rear  anchor  embedment  and 
thus  capacity  were  reduced.  Also,  the  forward  anchor's  stability  was 
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affected  by  slight  off-line  loading  by  che  tear  anchor  which  introduced 
a  rotational  moment  at  the  shank  connection  point.  The  instability 
worsened  as  the  chain  was  connected  closer  to  cha  forward  anchor  shackle. 
This  rigging  method  is  more  complex  than  the  others  evaluated,  and  since 
there  seems  to  be  no  obvious  performance  advantage,  it  is  not  recommended. 


Ground  Ring-Shackle  Arrangement.  This  method  is  schematically  illus¬ 
trated  in  Figure  12  as  a  guide  to  che  results  in  Figures  12  through  14. 

Ground  ring-shnekie  summary  test  results  are  shown  in  Figure  12. 

The  separation  of  each  anchor  relative  to  anchor  fluke  length  was  varied 
from  L.  -  l.,  equals  0  (anchors  side  by  side)  to  3.4  fluke  lengths  (3.4L). 
Ac  -  Lj  =  0,  che  two  anchors  are  less  effective  chan  che  sum  of  two 
individual  anchors.  In  this  case  the  total  relative  capacity  is  1.75. 

This  equates  to  a  12-1/2%  system  performance  reduction  caused  by  anchor 
interference  which  causes  the  anchors  to  roll  and  lose  capacity.  This 
behavior  is  illustrated  in  Figure  13  and  shown  graphically  in  the  left 
half  of  Figure  12.  As  che  anchor  separation  in  che  fore  and  &fc  direc¬ 
tion  increases  (l.j  -  Lj  increases),  che  total  anchor  capacity  increases 
and  approaches  a  relative  value  of  2.5  at  l.j  -  l.^  -  41.;  this  is  a  43% 
improvement  in  total  anchor  capacity  compared  to  side  by  side  anchor 
performance.  This  maximum  relative  anchor  capacity  for  parallel  anchors 
agrees  with  the  minimum  found  for  the  previous  tandem  arrangements;  see 
Figure  14.  Ac  Lj  -  L,  ■  41.,  the  parallel  STATO  anchors  are  separated  by 
about  2  fluke  lengths" (che  shank  length  is  about  equal  to  2  fluke  lengths) 
in'che  fore  and  aft  direction  at  maximum  drag  distance.  Ac  this  separa¬ 
tion,  che  anchors  behave  as  a  tandem  arrangement  with  che  forward  anchor 
eventually  disturbing  che  soil  and  enhancing  rear  anchor  capacity. 

The  lateral  separation  of  test  anchors  was  varied  between  1.71. 
(stabilizers  couching)  and  5L.  The  latter  separation  is  roughly  equal 
to  50  feet  for  a  12,000-pound  STATO.  Fifty  feet  is  typical  for  ewin- 
chain-lcg  fleet  moorings.  The  lateral  separation  did  not  affect  test 
results.  Maximum  capacity  occurred  when  the  anchors  moved  as  close  as 
possible  to  each  ocher. 


Summary  -  Model  Tests  in  Sand.  Of  the  tandem  STATO  anchor  arrange¬ 
ments  evaluated,  the  crown-shackle  arrangement  resulted  in  the  most  uni¬ 
form  system  performance.  Neither  anchor  exhibited  any  tendency  for 
instability ,  and  each  anchor  developed  at  least  its  standard  capacity, 
che  capacity  it  would  have  achieved  if  it  had  been  dragged  singly.  This 
arrangement  resulted  in  a  system  capacity  chat  was  25%  more  efficient 
chan  the  sum  of  two  individual  anchors. 

Tandem  anchor  connection  through  che  forward  anchor  tripping  palm 
or  shank  was  generally  effective;  however,  connection  and/or  installation 
is  more  difficult  and  instabilities  were  sometimes  noted  in  the  forward 
anchor.  These  methods  would  thus  be  field-tested  only  if  the  crown- 
shackle  method  proved  ineffective. 

The  ground  ring-shackle  or  parallel  anchor  rigging  method  is 
standard  for  twin-chain-leg  Navy  fleet  moorings.  Results  show  that  when 
the  anchors  are  placed  side  by  side,  che  ultimate  capacity  of  this  system 
is  about  12%  less  chan  the  sum  of  che  individual  anchors  due  to  anchor 
interference  which  causes  anchor  instability.  Simply  by  longitudinally 
separating  the  anchors  by  a  minimum  of  2  fluke  lengths,  the  ultimate 
system  capacity  increases  by  about  40%. 
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As  shown,  tandem  and  parallel  model  anchor  system  capacities  can 
exceed  twice  the  capacity  of  an  individual  anchor  in  sand.  This  was 
caused  principally  by  enhanced  rear  anchor  capacity  as  it  was  dragged 
into  the  sand  disturbed  by  the  forward  anchor.  This  finding  should  be 
field  validated  because  of  the  potential  for  substantial  anchor  weight 
savings  and  because  the  potential  higher  system  capacities  must  be  con¬ 
sidered  when  sizing  mooring  legs. 

Small-Scale  Field  Tests  -  Sand 


The  details  of  the  28  tests  conducted  on  the  beach  at  Port  Hucncmc 
are  provided  in  Table  I.  Anchor  and  anchor  system  capacities,  various 
angle  and  pcnccration  measurements,  mooring  line  and  anchor  characteris¬ 
tics,  and  keys  to  the  measurements  are  listed  for  comparison.  Ten  of 
the  tests  listed  were  single  anchor  tests  to  define  standard  anchor 
capacities  for  comparison  to  tandem  and  parallel  anchor  tests. 

Standard  Anchor  Capacities.  Four  tests  were  run  with  the  200-pound 
STATO  with  chain;  results  are  plotted  in  Figures  15  and  16.  The  lower 
curve  (test  6-17-83)  in  these  figures  was  not  used  to  determine  the 
standard  capacity.  In  this  test,  anchor  embedment  was  restricted  by  a 
very  dense  sand/gravel  layer.  The  standard  capacity  of  the  anchor  alone 
when  dragged  witli  a  chain  mooring  line  was  4,250  pounds.  The  standard 
capacity  of  the  anchor  and  chain  system  was  4,800  pounds.  Two  hundred 
pounds  of  chain  held  almost  three  times  its  own  weight  or  roughly  3  times 
what  it  held  when  dragged  freely  on  the  surface. 

Of  the  four  tests,  the  highest  capacity  occurred  in  test  6-20-83-01. 
This  test  differed  from  the  others  in  thac  the  anchor  flukes  were  fixed 
fully  open  at  32  degrees.  The  other  single  STATO  test  anchors  had  freely 
movable  flukes.  The  flukes  did  open  quickly  but  after  the  test  it  was 
found  that  some  sand  was  wedged  between  the  anchor  shank  and  the  wedge 
insert  which  controls  fluke  angle.  This  caused  up  to  a  3  to  5-dcgree 
added  fluke  angle  reduction,  resulting  in  fluke  angles  of  27  to 
29  degrees.  This,  according  to  fluke  angle  test  runs  by  Townc  (Kef  22), 
could  be  sufficient  to  cause  the  approximate  6Z  difference  in  fixed  and 
movable  (luko  capacity. 

Three  costs  were  run  with  a  7/8-inch  wire  line  to  the  fixed  fluke 
STATO  anchor  (Figure  17).  The  standard  capacity  of  the  anchor  was 
5,000  pounds.  The  wire  provided  little  or  no  measurable  added  capacity. 
The  standard  capacity  for  the  anchor-wire  syscem  is  similar  to  the  capa¬ 
city  of  the  anchor-chain  system  except  thac  the  load  distribution  is 
different.  These  results  differ  somewhat  from  the  laboratory  model  test 
results  (Ref  12).  In  the  laboratory,  the  anchor-chain  system  held  more 
chan  the  anchor-wire  system  because  the  chain  disturbed  the  soil  forward 
of  the  anchor  shank,  and  allowed  deeper  anchor  penetration  with  resulting 
higher  capacity. 

Three  tests  were  run  with  che  fixed  fluke  DANFORTH  (32-degree  fluke 
angle)  and  results  are  presented  in  Figure  18.  The  standard  or  mean 
capacity  for  the  350-pound  DANF0RTH  is  12,500  pounds.  The  added  capacity 
from  the  chain  was  small,  on  the  order  of  500  pounds,  or  roughly  4%  of 
the  total  load. 
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Tandem  STATO  Anchors.  Tests  were  performed  at  tondca  anchor 
spacings  of  0.92  (luke  length  (L),  and  2L>  5.1L  and  10. 4L.  Figure  19 
shows  the  STATOs  in  tandem  at  a  spacing  of  2  fluke  lengths.  The  summary 
results  of  these  tests  arc  presented  in  Figure  20.  This  presents  anchor 
capacity,  relative  to  the  standard  STATO  capacity  of  A, 250  pounds,  versus 
anchor  separation.  At  a  relative  capacity  of  2,  the  tandem  anchor  system 
would  be  as  effective  as  two  individually  pulled,  200-pound  STATO  anchors. 
Model  test  results  arc  plotted  for  comparison.  Generally,  past  2  fluke 
length  spacing  (21.),  the  results  arc  consistent.  Practically,  the  dif¬ 
ference  at  less  chan  2L  is  unimportant  because  this  would  not  be  a 
reasonable  rigging  arrangement  for  field  use.  The  data  show  the  positive 
influence  of  the  anchors  on  one  another. 

The  performance  gain  of  the  tandem  system  is  caused  by  two  things. 
The  rear  anchor  chain  provides  a  downward  loading  component  on  the  for¬ 
ward  anchor  at  close  anchor  spacing,  causing  deeper  anchor  burial.  Ac 
greater  anchor  spacings,  this  component  is  less;  thus,  the  forward  anchor 
contribution  to  system  performance  decreases.  This  is  shown  by  the  lower 
portion  of  Figure  20.  Once  the  rear  anchor  moves  into  the  soil  disturbed 
by  the  forward  anchor,  it  is  able  to  penetrate  deeper  with  resulting 
higher  capacity.  This  effect  becomes  more  pronounced  as  anchor  separa¬ 
tion  increases  because  the  rear  anchor  can  behave  more  independently. 
Figure  20  shows  the  rear  anchor  assuming  a  higher  percentage  of  the 
system  load  with  larger  anchor  spacing.  Figure  21  illustrates  the  effect 
on  the  rear  anchor  as  it  moves  into  disturbed  soil.  Ac  5.1L  anchor 
spacing,  the  anchor  fluke  tips  art  about  7  fluke  lengths  apart.  The 
tandem  anchor  system  achieved  an  initial  maximum  capacity  at  a  drag  dis¬ 
tance  of  about  4L.  Load  then  dropped  off  until  the  rear  anchor  encoun¬ 
tered  the  disturbed  soil;  then,  capacity  increased  rapidly.  For  this 
test,  the  capacity  at  the  maximum  ccsc  drag  distance  (161.)  was  more  chan 
302  greater  chan  che  initial  peak. 

Table  2  provides  data  which  further  illustrates  the  tandem  system 
behavior.  The  mean  depth  of  embedment  of  the  anchor  crown  was  5.1  inches 
for  a  single  STATO  anchor.  When  used  in  tandem,  che  mean  depth  of  embed¬ 
ment  increased  to  7.25  inches  for  che  forward  anchor  and  9  inches  for 
che  rear  anchor.  The  standard  deviations,  thus  confidence  level,  for 
these  three  measurements  were  comparable. 

According  to  the  field  as  well  as  che  model  results,  the  crown- 
shackle  tandem  arrangement  using  structurally  improved  STATO  anchors 
should  he  an  effective  rigging  method.  The  system  capacity  should  exceed 
the  capacity  of  the  anchors  if  pulled  individually.  The  system  perfor¬ 
mance  gain  could  be  up  to  25%  in  sand.  This  would  result  in  a  25%  anchor 
weight  savings. 

Tandem  STATO-DAN FORTH  Anchor  Combinations.  Several  tests  ware  per¬ 
formed  with  STATO  and  DANFORTH  anchors  in  combination  co  see  whether  the 
tandem  STATO  results  could  be  more  generally  applied.  Two  combinations 
were  evaluated,  one  with  Che  STATO  in  front  with  the  DANFORTH  piggybacked 
and  one  with  che  DANFORTH  in  front  (Figure  22) .  The  stability  charac¬ 
teristics  of  these  anchors  is  not  the  same.  The  STATO  is  a  more  roll 
stable  anchor;  it  will  maintain  its  maximum  achieved  capacity  with  drag. 


The  D.,<x  FORTH  anchor  is  a  beccer  pcnetracor  chan  che  STATO  anchor  in 
sand  and  ics  center  of  fluke  area  and,  thus,  che  cencer  of  pressure  on 
che  anchor  is  nearer  che  shank-crown  connection  poinc.  These  charac- 
ceriscics  mean  chac  che  STATO  should  be  more  stable  chan  che  OAK FORTH 
anchor.  Table  2  shows  che  subscancial  difference  between  STATO  and 
DAKFORTH  anchor  crown  embedment  depth,  5  inches  conpared  co  alaosc  18 
inches  for  che  DAKFORTH.  In  sand,  crown  depch  is  approximately  indepen¬ 
dent  of  anchor  weight  for  che  sane  anchor  type.  Thus,  the  comparisons 
for  che  different  weighted  STATO  and  DAKFORTH  anchors  should  be  valid. 

The  difference  in  the  centers  of  pressure  for  che  two  anchors  is 
reflected  in  che  beta  (8)  angles  also  listed  in  Table  2. 

The  beta  angle  is  the  difference  between  che  chain  angle  and  the 
shank  angle.  A  0-degrce  beta  angle  would  aean  chac  che  chain  was 
directly  in  line  with  che  axis  of  che  shank  and  chac  che  anchor's  roll 
axis  was  along  che  shank.  As  che  beca  angle  increases,  che  cencer  of 
pressure  on  che  anchor  moves  closer  co  che  anchor  fluke  dp.  This  pro¬ 
motes  anchor  stability.  The  beca  angle  for  che  single  STATO  was 
8.9  dcgreeSt  while  ic  was  5.1  degrees  for  che  DAKFORTH  anchor.  The 
variation  in  beca  was  greater  for  che  DAKFORTH.  In  candea,  che  beca 
angle  for  che  forward  STATO  reduced  by  over  3  degrees  co  6.6  degrees. 

This  is  due  co  che  added  external  load  by  che  rear  anchor  chain.  Ko 
measurements  were  possible  with  che  forward  DAKFORTH  because  of  ics  rapid 
roll,  buc  ic  is  clear  chac  ics  cencer  of  pressure  would  move  up  cowards 
che  shank,  reducing  anchor  stability. 

The  results  of  che  canden  cescs  are  presented  in  Figures  23  and  26 
as  plots  of  holding  capacity  versus  normalised  drag  distance.  With  che 
DAKFORTH  in  front  (Figure  23),  total  canden  load  was  substantially  less 
chan  che  single  capacity  of  a  DAKFORTH  anchor.  The  DAKFORTH  rolled 
rapidly  ac  about  5  fluke  lengths  of  drag,  achieving  less  chan  half  of 
ics  single  anchor  capacity.  The  STATO  in  the  rear  remained  stable  and 
achieved  ics  single  anchor  capacity.  Ic  was  not  pulled  far  into  the 
disturbed  soil  caused  by  che  DANFORTH.  The  vertical  stabilizer  for  the 
rolled  DAKFORTH  is  shown  in  Figure  25.  Wich  che  STATO  in  front  and  che 
DAKFORTH  in  che  rear,  che  results  were  quite  different.  Doth  anchors 
were  stable  and  developed  ac  lease  cheir  single  anchor  capacities.  The 
ccsc  was  stopped  ac  17,000  pounds  of  load  because  of  safety  considera¬ 
tions,  buc  load  was  scill  increasing. 

Summary  results  for  che  combinations  arc  presented  in  Figure  26. 
Total  anchor  load  referenced  co  che  standard  capacity,  which  in  this 
case  is  defined  as  che  total  standard  capacity  of  the  two  anchors,  is 
plotted  against  normalized  drag  distance.  The  performance  difference  is 
extreme.  This  illustrates  the  need  to  ensure  chac  che  forward  anchor  in 
a  tandem  arrangement  is  very  stable.  If  the  stability  is  questionable, 
it  may  be  necessary  to  overstabilize  the  anchor  by  increasing  the  length 
of  che  stabilizers  to  prevent  roll. 

These  results  in  sand  provide  a  picture  of  what  might  happen  in  a 
mud  seafloor  with  anchors  in  tandem.  Anchor  stability  decreases  with 
soil  strength  and  soil  strength  variation  wich  depth.  Anchors  unstable 
or  marginally  stable  in  sand  will  be  unstable  in  mud.  Results  of  che 
NCEL  test  program  (Ref  1,  2,  3,  5,  12)  verify  this.  Also,  che  load 


applied  co  che  forward  anchor  by  che  rear  anchor  In  tandem  further  exag¬ 
gerates  forward  anchor  instabilities.  Anchors  with  dcaonscratcd 
stability,  such  as  the  STATO  and  3RUCE  TS,  will  provide  reasonable  canden 
anchor  options  for  aud  and  sand. 

Parallel  Anehors.  The  summary  results  for  all  parallel  anchor  tests 
arc  provided  in  Figure  27  with  che  model  test  results  shown  for  compar¬ 
ison.  The  field  data  became  more  consistent  as  che  anchor  fore  and  aft 
separation  distance  increased.  The  model  data  were  consistent  throughout. 
In  che  side-by-side  condition,  che  typical  twin-chain-leg  Havy  fleet 
mooring  configuration,  che  anchor  capacity  ranged  from  a  low  of  1.73 
times  che  standard  single  anchor  capacity  co  2.3  times  che  standard  capa¬ 
city.  With  furcher  dragging,  the  STATO  anchors  would  have  continued  co 
come  together,  furcher  reducing  che  total  capacity. 

The  two  tests  with  che  DANFORTH  anchors  side  by  side  are  also  shown. 
This  is  shown  ns  a  -21.  anchor  separation  in  Figure  27.  This  allows  com¬ 
parison  co  che  tandem  tests  where  separation  is  measured  from  rear  anehor 
shank  co  forward  anchor  crown.  Had  all  of  che  side-by-side  data  been 
averaged  rather  chan  Just  che  STATO  data,  che  curve  would  have  been  sig¬ 
nificantly  lower.  Regardless,  che  side-by-side  anchors  do  interfere 
with  one  another;  this  interference  is  shown  in  Figure  28  for  che  STATO 
and  DANFORTH  anchors.  These  photographs  represent  che  final  or  near 
final  positions  of  che  anchors  at  ultimate  drag.  With  a  larger  lateral 
separation,  che  anchors  would  have  achieved  a  higher  initial  capacity, 
but  che  residual  capacity  at  ultimate  drag  would  be  the  same  as  shown  by 
Figure  27. 

As  anchor  separation  in  che  fore  and  aft  direction  increases,  che 
behavior  of  che  parallel  anchors  approached  canden  anchor  behavior. 

Figure  29  shows  che  performance  of  parallel  STATO  anchors  at  a 
5.8-flukc-lcngth  spacing.  The  curves  are  similar  co  chose  presented  for 
tandem  anchors,  as  shown  in  Figure  21.  Anchor  and  total  anchor  load 
have  almost  peaked  at  7  fluke  lengths  of  drag.  Ac  that  point,  che  rear 
anchor  begins  co  encounter  the  soil  disturbed  by  che  forward  anchor. 

Total  load  then  increases  by  about  252  to  10,000  pounds  for  this  test. 

When  the  rear  anchor  approaches  the  disturbed  zone,  it  rolls  down 
into  che  trough  created  by  the  forward  anchor.  This  is  shown  by  che 
photograph  in  Figure  30.  The  optimum  anchor  separation  is  greater  chan 
6  fluke  lengths.  In  che  laboratory,  2-f lukc-lcngth  spacing  was  che 
minimum  required.  The  prototype  value  could  be  as  much  as  a 
10-f lukc-lcngth  spacing. 

Summary  -  Small-Scale  Field  Tests  in  Sand.  The  field  and  model 
test  results  for  tandem  and  parallel  anchors  arc  summarized  in  Figure  31. 
The  field  and  model  test  results  were  generally  in  agreement;  the  trends 
were  quite  similar  except  for  tandem  anchors  at  spacings  less  than  2  fluke 
lengths. 

The  field  tests  confirmed  that  che  crown-shackle  tandem  rigging 
arrangement  was  an  effective  means  of  tandem  anchoring  for  STATO  anchors. 
System  capacity  was  20  to  252  greater  than  would  be  anticipated  based  on 
the  capacity  of  individually  pulled  anchors. 
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Results  also  shoved  that  not  all  anchors  are  suitable  Cor  use  in 
tandem.  The  DAMFORTH  anchor  which  is  less  stable  than  the  STATO-cype 
anchor  became  very  unstable  when  lead  from  the  rear  anchor  was  applied 
to  the  forward  anchor.  This  caused  system  capacities  far  less  than  the 
capacity  of  a  single  DAKFORTH  anchor. 

The  performance  of  anchors  in  parallel  when  side  by  side  was  quite 
variable.  The  anchors  eventually  interfere  with  one  another,  causing  a 
reduction  in  system  capacity.  By  staggering  the  anchors,  anchor  inter¬ 
ference  was  eliminated  and  system  capacity  was  enhanced  by  up  to  IS  to 
20%  greater  than  the  sum  of  the  single  anchor  capacities. 

At  anchor  spacings  of  greater  than  about  6  fluke  lengths,  tandem 
and  parallel  anchor  system  capacities  become  similar.  Both  show  system 
capacities  greater  chan  would  be  expected  from  single  anchors.  The 
majority  of  the  load  increase  comes  from  the  rear  anchor  as  it  is  dragged 
Into  the  cone  disturbed  by  the  forward  anchor. 

Model  Tests  -  Mud 


Thirty-five  single  and  tandem  anchor  tests  were  conducted  in  mud. 
Summary  results  of  these  tests  are  given  in  Table  3.  Fourteen  of  the 
tests  listed  were  single  anchor  tests  which  were  conducted  to  define 
standard  anchor  capacities  for  comparison  to  tanden  anchor  results. 

Standard  Anchor  Capacity.  Anchor  capacity  varied  with  soil  shear 
strength  from  a  high  of  21.6  lb  at  .2  psl  to  about  10  lb  at  .08  psl. 
Within  the  desired  soil  strength  range  of  0.08  to  0.11  psi,  anchor  capa¬ 
city  randomly  varied  frsr-  S.7  no  12.7  lb  with  m  median  value  of  11  lb. 
This  value  was  independent  of  mooring  line  type  which  would  be  expected 
in  a  uniform  strength  test  bed.  The  similarity  in  the  holding  capacity 
of  anchors  with  chain  and  wire  lines  is  shown  in  the  lower  half  of 
Figure  32.  Although  anchor  capacities  were  comparable,  overall  per¬ 
formance  was  not.  The  mooring  line  altered  the  trajectory  of  each 
anchor,  shown  In  the  upper  half  of  Figure  32.  Anchor  embedment  was  in¬ 
versely  proportional  to  line  sire.  The  maximum  anchor  embedment  with 
wire  was  actually  determined  by  the  tank  depth  and/or  the  limited  pull 
distance  available. 

The  mooring  line  plays  a  significant  role  in  anchor  behavior  and 
can  provide  a  substantial  part  of  total  anchoring  capacity.  Figure  33 
shows  anchor  plus  chain  capacity  as  well  as  anchor  capacity.  The  chain 
provides  20  to  3QX  of  the  total  load.  This  is  comparable  to  what  was 
found  during  field  trials  (Ref  1  through  5).  Model  anchor  performance 
also  agreed  well  with  the  predictions  made  with  the  NCEL  anchor  perfor¬ 
mance  models  (Ref  10)  which  were  based  on  the  field  test  results. 

The  anchor  performance  model  for  cohesive  soil  is  based  on  slip 
line  theory  where: 


where  ■  anchor  holding  capacity  (lb) 

Su  =  soil  undrained  shear  strength  (psf) 

Nc  =  anchor  holding  capacity  factor  (dimensionless) 
A  =  anchor  fluke  area  (ft2) 
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The  holding  capacity  factor,  Nc,  was  determined  through  prototype 
testing  and  it  %'nried  widely  between  anchor  type  (between  N  »  4  to  15) 
but  did  not  vary  appreciably  with  anchor  size  for  each  anchSr  type. 
Analysis  of  Navy  field  tests  of  the  STATO  anchor  results  in  tne  selection 
of  N  which  represented  the  median  value.  The  median  value  for  ehe 

single  model  STATO  anchor  was  U.S,  The  standard  deviation  fqr  the 
14  tests  was  only  1.5;  thus,  model  anchor  performance  was  uniform.  The 
laboratory  and  field  test  data  agree  quite  well,  therefore,  tandem  anchor 
performance  should  be  reasonably  representative  of  field  performance. 

Tandem  Anchor  Capacity.  Seventeen  tandem  tests  were  conducted  with 
tandem  anchor  spacings  of  0.67  fluke  length  (1.)  to  8.11.  with  various 
size  mooring  and  anchor  separation  lines. 

Initially,  it  was  intended  to  use  a  wire  mooring  line  and  then  vary 
the  separation  line  type  and  length  but  this  proved  impractical  because 
of  the  unexpectedly  large  tandem  system  penetrations  that  occurred.  The 
anchors  rapidly  penetrated  to  the  bottom  of  the  tank,  thus,  maximum  loads 
could  not  be  defined.  Figure  34  shows  the  trajectory  of  two  tandem 
anchor  systems  with  a  tandem  spacing  of  0.671,.  The  steepest  trajectory 
occurred  with  the  wire  mooring  line  -  large  chain  separating  line  system 
(test  8-11-83-01).  The  change  to  a  large  chain  mooring  line  caused  a 
slight  decrease  in  the  trajectory  slope  but  still  it  was  not  acceptable. 
The  trajectories  of  a  single  anchor  with  wire  and  chain  mooring  lines 
are  shown  for  comparison.  The  difference  in  single  and  tandem  anchor 
trajectories  dramatically  illustrates  the  potential  effectiveness  of 
tandem  anchor  systems  composed  of  stable  anchors. 

To  properly  evaluate  tandem  anchor  system  behavior  it  was  necessary 
to  eliminate  tank  depth  as  a  variable.  This  was  done  by  increasing  the 
size  of  the  mooring  line  to  reduce  anchor  system  penetration  and  to 
ensure  that  the  system  achieved  its  maximum  penetration  depth  without 
encountering  the  tank  base.  This  was  accomplished  by  using  the  large 
chain  doubled  between  the  wire  and  forward  anchor.  Results  of  a  typical 
test  are  shown  in  Figure  35  where  tandem  anchor  spacing  was  5.2  fluke 
lengths.  The  single  test  shown  for  comparison  in  Figure  35  used  the 
same  double  large  chain  -  wire  mooring  line  as  used  in  the  tandem  test. 

In  this  test,  there  was  very  little  difference  in  the  crajcctory  of 
the  forward  anchor.  This  was  cypicai  when  tandem  anchor  spacing  exceeded 
about  5  fluke  lengths.  The  influence  of  the  rear  anchor  on  the  foruard 
anchor  diminishes  with  anchor  spacing. 

With  the  doubled  large  chain  mooring  line  segment,  peak  anchor  sys¬ 
tem  load  was  achieved  before  the  anchors  reached  the  base  of  the  tank. 
Load  versus  drag  distance  for  three  tandem  tests  uith  similar  mooring 
line  makeup  at  different  anchor  spacings  is  shown  in  Figure  36.  Although 
trajectories  and  load  distribution  between  anchors  was  different,  total 
load  measured  at  the  forward  anchor  shackle  was  not.  For  comparison, 
two  ocher  curves  are  presented.  The  relationship  for  the  tandem  system 
with  wire  mooring  line  is  comparable  to  the  others  shown  even  chough  its 
embedment  and  trajectory  (refer  to  Figure  34)  were  considerably  greater. 
The  single  anchor  capacity  peaks  at  about  12  lb,  less  chan  half  tandem 
capacity. 


Summary  data  (or  all  cnndca  coses  wich  cite  doubled  large  chain 
mooring  line  segment  arc  shown  by  Figure  37.  This  shews  cecal  anchor 
load  relative  to  cocal  standard  load  versus  anchor  separation.  From 
this  figure,  it  is  clear  chat  two  anchors  in  tandem  can  be  more  effi¬ 
cient  than  individually  pulled  anchors.  The  improvement  ranged  from  10 
to  SOX.  Also,  it  did  not  make  much  difference  what  the  anchor  separa¬ 
tion  was  or  what  separation  line  was  used;  results  fell  within  the  same 
general  band. 

Anchor  roll  was  monitored  during  tests.  For  these  tests,  the 
minimum  roll  occurred  ac  about  5  fluke  lengths  spacing  which  coincides 
wich  the  same  speeing  where  maximum  system  capacity  typically  occurred. 
This  is  shown  as  the  apex  of  the  test  band  in  Figure  37.  As  anchor 
spacing  decreased,  the  rear  anchor  tended  to  roll  more  than  the  forward 
anchor.  This  reversed  as  anchor  spacing  increased  beyond  5  fluke  lengths. 
It  is  unclear  ac  chis  time  whether  this  was  caused  by  anchor  interfer¬ 
ences  or  variations  within  the  test  tank. 

Summary  -  Model  Tests  In  Hud.  The  performance  of  the  model  anchors 
agreed  well  with  performance  predictions  made  wich  the  mathematical  model 
developed  from  NCEL’s  field  test  program.  This  significantly  improves 
the  credibility  and  extrapolacabilicy  of  the  model  tandem  anchor  tests. 

In  the  unifqrm  soil  test  bed  used  in  thii  program,  single  anchor 
capacity  was  relatively  independent  of  anchor  line  type  and  size.  How¬ 
ever,  anchor  trajectory  was  significantly  affected  as  would  be  expected. 
Anchor  embedment  depth  was  inversely  proportional  to  anchor  line  size. 

Tandem  anchor  systems  rigged  wich  the  crown  to  shackle  method  were 
effective  in  the  soft  test  mud.  System  capacity  was  10  to  50%  greater 
chan  could  be  expected  based  upon  the  performance  of  individually  pulled 
anchors.  System  capacity  was  not  very  sensitive  to  mooring  line  type 
and  anchor  spacing. 

The  tests  clearly  show  that  the  crown-shackle,  tandem  rigging  tech¬ 
nique  wich  STATO  type  anchors  is  feasible  ond  deserves  prototype  evalu¬ 
ation. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  primary  goal  of  chis  investigation  has  been  to  evaluate  the 
feasibility  of  using  anchors  in  multiples  to  satisfy  expanded  Navy  fleet 
mooring  requirements.  Feasibility  has  been  established  with  the  identi¬ 
fication  of  effective  tandem  and  parallel  anchor  rigging  methods  and 
suitable  anchor  types.  Anchors  in  tandem  and  in  parallel  can  be  arranged 
to  achieve  system  capacities  chat  exceed  the  sum  of  two  individually 
pulled  anchors.  This  increased  performance  averages  20%  co  30%  and  is 
directly  related  to  potential  cost  savings  in  anchor  procurements.  In 
addition,  the  ability  to  use  small  anchors  in  multiples  to  develop  capa¬ 
cities  equivalent  to  much  larger  single  anchors  means  that  the  Navy's 
overall  anchoring  capability  has  the  potential  co  expand  without  an  in¬ 
crease  in  the  Navy's  handling  assets. 

Prototype  evaluation  will  be  required  to  validate  and  calibrate  the 
lab  and  small  scale  field  results  co  enable  safe  mooring  leg  design 
before  chese  systems  are  used  for  fleet  moorings.  Extrapolation  based 
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upon  the  present  test  data  co  prototype  performance  for  anehor  sites 
that  could  approach  15,000  co  30,000  lb  would  have  co  be  highly  con¬ 
servative,  Also,  Installation  and  recovery  procedures  for  these  high 
performance  anchor  systems  must  be  defined  co  ensure  chat  the  Installed 
systems  function  as  Intended  and  chat  they  are  retrievable. 
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lable  2.  Perforaance  Characteristics  of  Test  Anchors 
During  geaeh  loses 

(Refer  to  Table  1) 
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Table  1.  Sus&ary  Pals  for  Model  STAT0  Tests!  In  Mud 
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re  2.  Tandem  anchors  -  palm  to  shackle  rigging  method. 
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(b)  350-lb  DANFORTH  anchor. 

Figure  5.  Anchors  used  during  small-scale  field  tests  in  sand 
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Figure  8.  Typical  crown-shackle  candcm  anchor  capacity  in  dry  sand 


Figure  16.  Anchor  plus  chain  load  versus  drag  distance  for  200-lb  STATO 
anchor  in  sand. 


Anchor  load  versus  drag  distance  for  200-lb  STATO  with  chain 


Ground  ring  to  shackle  rigging  method  performance  data 


Suraroary  shank-to-shacklc  candcra  anchor 
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Figure  10.  Tandem  anchor  capacity  relative  to  anchor  spacing  in  sand 
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23.  Holding  capacity  versus  drag  distance  -  DAJIFORTH  with  STATO 
as  tandem  anchor. 


(a)  STATO  as  piggyback  anchor. 


(b)  DANFORTH  as  piggyback  anchor. 


Figure  22.  DANFORTH  and  STATO  anchors  used  in  tandem  combinations 


Hold  inf*  capacity  vermin  draj*  distance  for  200-lb  STATO 
anchors  in  tandea  in  sand. 


Figure  18.  Anchor  load  versus  drag  distance  for  350-lb  DASFORTH  with 
chain  in  sand. 


Figure  26.  Sunsaary  camleta  data  far  DANFQRTH  and 
STATU  anchor  cambinadon. 


Parallel  anchors  -  staggered  -  illustrating  rear  anchor 
rolling  into  trough  created  by  forward  anchor. 
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Performance  of  single  STATO  anchors  with  different  mooring 
lines  in  similar  strength  mud. 
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